De novo asymmetric bio-and chemocatalytic synthesis of saccharides stereoselective formal O-glycoside bond formation using palladium catalysis Comely, Alex C.; Eelkema, Rienk; Minnaard, Adriaan J.; Feringa, Ben L.
(R)-(-)-6-Acetoxy-2H-pyran-3(6H)-one, (-)-1
To a solution of (±)-1 (5 g, 32 mmol, prepared according to a literature procedure) in 1,4-dioxane (300ml) was added nbutanol (11.9 g, 14.6 ml, 160 mmol) and Lipase PS-HSC (2.5 g, 30% loading w/w) and the resulting mixture was stirred with a mechanical over-head stirrer at ambient temperature for 48 h. The suspension was filtered through celite, eluted with DCM and concentrated to a pale yellow oil in vacuo. Purification by column chromatography (SiO 2 , hexane:EtOAc 7:3) gave the title compound (2.07 g, 13.2 mmol, 41%) as a colourless oil which crystallised at 4 o C. The pale yellow oily crystals were washed with ice-cold EtOAc/pentane (1:19) to afford the highly pure title compound (1.87 g, 75%, >99% ee) as colourless crystals. [α] (R,S)-(±)-6-Benzyloxy-2H-pyran-3(6H)-one (±)-2A (prepared from (±)-6-Acetoxy-2H-pyran-3(6H)-one (±)-1)
To palladium (II) acetate (11.3 mg, 5 mol%, 0.05 mmol) in a flame-dryed Schlenk tube under argon was added a solution of triphenylphosphite (34 mg, 11 mol%, 0.11 mmol) in DCM (2 ml) via cannula. After stirring the yellow solution at ambient temperature for 10 min, benzyl alcohol (162 mg, 155 µl, 1.5 mmol) was added via microsyringe. After stirring the resulting deep brown solution for a further 10 min a solution of (±)-6-acetoxy-2H-pyran-3(6H)-one (±)-1 (156 mg, 1 mmol) in DCM (1 ml) was added and the mixture was stirred in the dark for 24 h. The homogeneous orange solution was preadsorbed on silica and purified by column chromatography (SiO 2 , acetone:pentane) to give the title compound ( (S)-(-)-6-Benzyloxy-2H-pyran-3(6H)-one, (-)-2A
To palladium (II) acetate (22.5 mg, 10 mol%, 0.1 mmol) in a flame-dryed Schlenk tube under argon was added a solution of triphenylphosphite (68 mg, 22 mol%, 0.22 mmol) in DCM (2 ml) via cannula. After stirring the yellow solution at ambient temperature for 10 min, benzyl alcohol (162 mg, 155 µl, 1.5 mmol) was added via microsyringe. After stirring for a further 10 min the resulting mixture was cooled to -30 o C and a solution of (-)-6-acetoxy-2H-pyran-3(6H)-one (-)-1 (156 mg, 1 mmol) in DCM (1 ml), also cooled to -30 o C, was added. The mixture was stirred in the dark for 24 h at -30 o C. The homogeneous orange solution was preadsorbed on silica and purified by column chromatography (SiO 2 , acetone:pentane) to give the title compound (169 mg, 83%) as a colourless oil.
[α] D = -45.5 o (94% ee, c 1.09, CH 2 Cl 2 )
To palladium (II) acetate (5.2 mg, 5 mol%, 0.023 mmol) in a flame-dryed Schlenk tube under argon was added a solution of triphenylphosphite (15.6 mg, 11 mol%, 0.051 mmol) in DCM (2 ml) via cannula. After stirring the yellow solution at ambient temperature for 10 min, benzyl alcohol (74 mg, 71 µl, 0.69 mmol) was added via microsyringe. After stirring the resulting deep brown solution for a further 10 min a solution of (±)-6-benzoyloxy-2H-pyran-3(6H)-one (±)-3 (100 mg, 0.46 mmol) in DCM (1 ml) was added and the mixture was stirred in the dark for 24 h. The homogeneous orange solution was preadsorbed on silica and purified by column chromatography (SiO 2 , acetone:pentane 5:95) to give the title compound (82 mg, 87%) as a colourless oil.
(R,S)-(±)-6-(4-Methoxybenzyl)oxy-2H-pyran-3(6H)-one, (±)-2B 144.4, 129.8, 128.8, 127.8, 113.9, 91.7, 70.3, 66. (S)-(-)-6-(4-Methoxybenzyl)oxy-2H-pyran-3(6H)-one, (-)-2B
Prepared according to the procedure for (-)-2A from palladium(II) acetate (7.2 mg, 10 mol%, 0.032 mmol), triphenylphosphite (22 mg, 22 mol%, 0.071 mmol), 4-methoxybenzyl alcohol (44 mg, 0.32 mmol) and (-)-6-acetoxy-2Hpyran-3(6H)-one 1 (100 mg, 0.64 mmol) in DCM (3 ml). Purification of the residue (98% ee, HPLC) as descibed for (±)-2B gave (-)-2B (65 mg, 87%, 74% ee) as a colourless oil. 5, 159.7, 144.2, 138.3, 129.5, 129.4, 127.8, 120.2, 113.48, 113.45, 91.9, 70.4, 66 To a solution of iodopropane (10.2 g, 5.9 ml, 0.6 mmol) in DMF (100 ml) at ambient temperature was added Cs 2 CO 3 (9.8 g, 0.3 mmol) and 5-hydroxy-2-nitrobenzaldehyde (5 g, 0.3 mmol) and the resulting mixture was stirred for 36 h. After diluting with water (50 ml) and extraction with EtOAc (3 x 50 ml) the organic layers were dried with MgSO 4 and concentrated to an orange oil. Trituration with hexane (50 ml) gave a pale brown precipitate which was filtered and dried in vacuo to give 2-nitro-5-n-propoxybenzaldehyde (4.92 g, 79%) as a pale brown solid which was not purified further. To a solution of 2-nitro-5-n-propoxybenzaldehyde (4.5 g, 21.5 mmol) in THF (45 ml) at 0 o C was added NaBH 4 (818 mg, 21.5 mmol) and ethanol (1 ml). After stirring for 30 min at 0 o C and 30 min at ambient temperature the mixture was cooled again to 0 o C, quenched with satd. NH 4 Cl (50 ml) and extracted with EtOAc (3 x 50 ml). The organic layers were washed with brine and dried over MgSO 4 to give a pale yellow solid (4.5 g, quant) which was not purified further. Anal.
Calcd. for C 10 H 11 NO 4 : C, 56.87; H, 6.20; N, 6.63%. Found: C, 56.68; H, 6.24; N, 6.56 139.90, 127.93, 114.47, 113.41, 70.26, 62.87, 22.27, 10.33 Phenolic polystyrene-supported 2-Nitro-5-n-propoxybenzyl alcohol, E
Spectra included: 13 C NMR
To a suspension of phenolic polystyrene (500 mg, 1.45 mmol[O]g -1 , 0.725 mmol, 1% DVB) in DMF (10 ml) was added Cs 2 CO 3 (473 mg, 1.45 mmol) and 5-(3-iodopropoxy)-2-nitrobenzyl alcohol (489 mg, 1.45 mmol). After shaking at ambient temperature for 60 h the resin was filtered and washed with THF/H 2 O (1:1 at 0 o C rapidly, 0:1 at RT, 1:1, 3:1 and 9:1; 2 x 20ml each), THF (2 x 2 ml) and CH 2 Cl 2 (2 x 2ml). The resulting yellow residue was dried in vacuo for 24 h to
give resin E (582 mg, 54%, 0.67 mmol[linker]g -1 ). 13 C−NMR (75 MHz, CDCl 3 -swollen resin) diagnostic signals 163.0 (C ar -O), 113.3 and 112.8 (2 x C ar -H), 65.3 (2 x C ar -O-CH 2 ), 62.7 (C ar -CH 2 ) and 29.0 (CH 2 -CH 2 -CH 2 ). ν max cm -1 1511
Spectra included: 13 C NMR To a suspension of resin E (200 mg, 0.134 mmol) in CH 2 Cl 2 (1 ml) under Ar was added a solution of Pd(OAc) 2 (3 mg, 0.0134 mmol) and triphenylphosphite (9 mg, 0.0295 mmol) in CH 2 Cl 2 (0.5 ml) via cannula. The resulting mixture was shaken for 10 min before addition of a solution of 6-acetoxy-2H-pyran-3(6H)-one (±)-1 (42 mg, 0.268 mmol) in CH 2 Cl 2 (0.5 ml) via cannula. After shaking for 24 h, the resin was filtered and washed with CH 2 Cl 2 (2 x 2 ml), THF/H 2 O (1:1, 3:1 and 9:1; 2 x 2ml each), THF (2 x 2 ml) and CH 2 Cl 2 (2 x 2ml). The resulting black residue was dried in vacuo to give 2E
(209 mg, 69%). 13 193.9, 170.3, 170.1, 155.8, 143.7, 143.6, 143.4, 141.2, 128.0, 128.0, 127.7, 127.0, 125.0, 119.9, 93.6, 93.1, 69.4, 68.7, 67.1, 67.0, 66.4, 66.1, 54.2, 54.0, 52.7, 47 169.4, 169.2, 169.1, 169.1, 168.9, 168.8, 143.7, 143.4, 127.8, 127.1, 93.9, 93.0, 91.6, 91.6, 74.0, 73.3, 72.8, 72.7, 70.1, 70.0, 68.3, 68.2, 67.1, 66.4, 66.10. 66.05, 20.6, 20.5 and 20.4 170.1, 169.3, 169.2, 168.9, 143.4, 127.9, 93.1, 91.7, 73.4, 72.9, 70.1, 68.4, 66.5, 66.2, 20.7, 20.6, 20.5 and 20.5 (From (-)-6-Benzoyloxy-2H-pyran-3(6H)-one, (-)-3 )
To Pd 2 (dba) 3 (1.4 mg, 5 mol%, 1.5 µmol) and ), triphenylphosphine (1.8 mg, 22 mol%, 6.7 µmol) and molecular sieves (4 Å) in a flame-dried Schlenk tube under argon was added DCM (1 ml). After stirring the resulting yellow solution at ambient temperature for 10 min, 1,2,3,4-tetra-O-acetyl-β-D-glucopyranose (11 mg, 0.031 mmol) was added as a solid.
After a further 10 min stirring and cooling of the mixture to -10 o C, (-)-6-benzoyloxy-2H-pyran-3(6H)-one (-)-3 (10 mg, 0.046 mmol) was added as a solid and the mixture was stirred in the dark. After 16 h, purification of the residue (94% de, 1 H NMR) by flash chromatography (SiO 2 , EtOAc/hexane 3:7 to 3.5:6.5 gradient elution) gave product 6(S)-2G (12 mg, 88%) as a colourless oil. 8, 142.7, 128.0, 127.4, 95.0, 94.6, 91.3, 91.3, 76.9, 74.9, 74.4, 73.4, 73.4, 73.1, 70.5, 70.4, 66.7, 66.5, 62.1, 61.5, 20.64, 20.64, 20.61, 20.61, 20.58, 20.5, 20.4 and 20.4 170.5, 169.6, 169.5, 168.8, 142.7, 128.2, 94.8, 91.4, 75.1, 74.5, 73.3, 70.5, 66.8, 62.2, 20.72, 20.70, 20 .65 and 20.5. MS (CI) for C 19 H 24 O 12 : m/z 462 (M + NH 4 ) + .
(From (-)-6-benzoyloxy-2H-pyran-3(6H)-one (-)-3)
Prepared according to the procedure for 6(S)-2G from Pd 2 (dba) 3 (4.6 mg, 5 mol%, 0.005 mmol), triphenylphosphine ( 193.7, 170.7, 170.1, 169.5, 168.9, 142.9, 127.6, 95.2, 91.5, 76.6, 73.6, 73.6, 70.6, 66.7, 61.6, 20.8, 20.8, 20.8 and 20.6 8, 143.5, 128.0, 112.2, 109.4, 105.5, 94.7, 84.3, 82.1, 81.4, 72.7, 68.0, 66.6, 27.0, 26.9, 26.3 and 25.4 6, 143.1, 128.3, 112.0, 109.2, 105.2, 90.3, 82.4, 80.8, 77.9, 71.9, 67.6, 66.5, 26.8, 26.7, 26.1 and 25.3 3, 194.1, 143.9, 143.3, 143.0, 138.3, 137.9, 137.8, 137.7, 128.4, 128.3, 128.24, 128.16, 128.04, 127.97, 127.89, 127.86, 127.74, 127.68, 127.6, 102.2, 98.0, 94.0, 93.8, 89.0, 88.8, 84.8, 84.7, 82.4, 81.7, 81.6, 79.4, 77.5, 75.7, 75.6, 75.3, 75.2, 75.1,75.0, 73.43, 73.37, 73.3, 71.2, 68.5, 68.4, 66.7, 66.4 3]dioxolo[4, pyran-7-one, (±)-4C
To ruthenium (III) chloride trihydrate (65 mg, 0.25 mmol) under argon was added a solution of sodium metaperiodate (396 mg, 1.85 mmol) in water (3 ml). The resulting deep red solution was added via cannula to a solution of (±)-6-(3methoxybenzyl)oxy-2H-pyran-3(6H)-one, (±)-2C (289 mg, 1.24 mmol) in a mixture of MeCN (9 ml) and EtOAc (9 ml) at -5 o C under argon. After stirring the mixture for 25 min, a saturated aqueous solution of Na 2 S 2 O 3 (15 ml) was added and the mixture was extracted with EtOAc (3 x 20 ml). Tho organic layers were dried over Na 2 SO 4 and concentrated to give the dihydroxy compound (276 mg) as a colourless wax which was protected directly as the dioxolane.
To a solution of the resulting dihydroxy compound in acetone (10 ml) was added 2,2-dimethoxypropane (1 ml) and paratoluenesulfonic acid (4 mg). After stirring for 2 h at ambient temperature the mixture was quenched with saturated aqueous NaHCO 3 (10 ml) and extracted with EtOAc (4 x 5 ml). The combined organic layers were dried over Na 2 SO 4 and filtered. The solution was preadsorbed onto silica and purified by column chromatography (SiO 2 , acetone:pentane 1:9) to give the title compound (±)-4C (134 mg, 35%) as a colourless oil. Anal. Calcd. for C 16 H 20 O 6 : C, 62.33; H, 6.54%.
Found: C, 62.10; H, 6.43. 1 Η NMR (300 MHz, CDCl 3 ) 7. 16-7.24 (m, 1 H), 6.79-6.85 (m, 3 H) 1, 159.8, 137.7, 129.6, 120.2, 113.6, 113.5, 111.9, 96.4, 77.7, 75.3, 69.8, 65.9, 55.2, 26.6 and 25.3 Prepared according to the procedure for (±)-4C from (-)-2C (234 mg, 1 mmol) to give (+)-4C (97% de, 130 mg, 42%).
[α] D = +79.6 o (97% de, c 3.40, CH 2 Cl 2 ).
(±)-4-(3-Methoxy-benzyloxy)-2,2-dimethyl-dihydro- [1,3]dioxolo[4,5-c] pyran-7-ol, (±) 
-5C
To a solution of (±)-4C (48 mg, 0.156 mmol) in THF (4 ml) at -20 o C under argon was added zinc borohydride (0.313 ml, 0.156 mmol, 0.5 M in diethyl ether). The resulting mixture was stirred for 15 min and H 2 O (4 ml) was added.
Following extraction with CH 2 Cl 2 (3 x 5 ml), drying over Na 2 SO 4 and concentration in vacuo, the residue was purified by chromatography (SiO 2 , acetone/pentane 1:4) to give the title compound (±)-5C (40 mg, 83%) as a colourless waxy solid.
6C
Spectra included: 1 H and 13 C NMR Prepared according to the procedure for 6(S)-(-)-2G from tris(dibenzylideneacetone)dipalladium (0) 194. 3, 159.7, 143.3, 138.7, 129.5, 128.2, 120.2, 113.41, 113.36, 110.5, 98.8, 93.6, 75.9, 73.7, 71.7, 69.9, 66.4, 60.3, 55 To palladium (II) acetate (0.8 mg, 5 mol%, 3.5 µmol) in a flame-dryed Schlenck tube under argon was added a solution of triphenylphosphite (2.4 mg, 11 mol%, 7.6 µmol) in DCM (1.5 ml) via cannula. After stirring the yellow solution at ambient temperature for 10 min, 3-methoxybenzyl alcohol (14.3 mg, 13 µl, 0.104 mmol) was added via microsyringe.
After further stirring for 10 min (±)-6-(tert-butyldimethylsilanyloxymethyl)-5-oxo-5,6-dihydro-2H-pyran-2-yl benzoate (±)-7 (25 mg, 0.069 mmol) was added as a solid and the mixture was stirred in the dark for 24 h. The homogeneous orange solution was preadsorbed on silica and purified by flash column chromatography (SiO 2 , acetone: 159.8, 143.7, 138.6, 129.6, 128.3, 120.4, 113.62, 113.57, 92.0, 76.2, 70.3, 62.5, 55.2, 25.8, 18.3, -5 (-)-2(R)-(tert-Butyl-dimethyl-silanyloxymethyl)-6(S)-(3-methoxy-benzyloxy)-6H-pyran-3-one (2R,6S)-8 After further stirring for 10 min and cooling to -10 o C, (-)-6-(tert-butyldimethylsilanyloxymethyl)-5-oxo-5,6-dihydro-2Hpyran-2-yl benzoate (2R,6R)-7 (25 mg, 0.069 mmol) was added as a solid and the mixture was stirred in the dark for 24 h.
The homogeneous orange solution was preadsorbed on silica and purified by flash column chromatography (SiO 2 , acetone:pentane 4:96) to give the title compound (23 mg, 88%) as a colourless oil.
[α] D = -38.6 o (c 0.12, CH 2 Cl 2 )
Benzoic acid 6,6-dimethyl-5-oxo-5,6-dihydro-2H-pyran-2-yl ester, (±)-9
The racemate (±)-9 was prepared according to a literature procedure and was resolved by preparative HPLC on a Chiralcel OD column, iso-propanol:heptane 1:99 (RTs 10.1 and 11.5 min)
Fraction 1, (-)-9: 99% ee, [α] D = -277.8 o (c 0.63, CHCl 3 ) (±)-6-(3-Methoxy-benzyloxy)-2,2-dimethyl-pyran-3(6H)-one, (±)-10
Prepared according to the procedure for (±)-2A from palladium (II) acetate (6.8 mg, 5 mol%, 0.03 mmol), triphenylphosphite (20.5 mg, 11 mol%, 0.066 mmol), 3-methoxybenzyl alcohol (55 mg, 50 µl, 0.4 mmol) and (±)-6acetoxy-2,2-dimethyl-pyran-3(6H)-one (110 mg, 0.6 mmol) in DCM (3 ml). Purification of the residue by column chromatography (SiO 2 , acetone:pentane 1:19) gave product (±)-10 (83 mg, 79%) as a colourless oil. 1 Η NMR (300 MHz, 159.8, 143.9, 138.7, 129.6, 126.3, 120.3, 113.5, 113.4, 92.1, 79.3, 69.7, 55.2, 27. (-)-6-(3-Methoxy-benzyloxy)-2,2-dimethyl-pyran-3(6H)-one, (-)-10
Spectra included: 1 H and 13 C NMR Prepared according to the procedure for 6(S)-2G from tris(dibenzylideneacetone)dipalladium (0) (2.5 mg, 5 mol%, 0.0027 mmol), triphenylphosphine (3.1 mg, 22 mol%, 0.0119 mmol), 3-methoxybenzyl alcohol (7.5 mg, 6.7 µl, 0.054 mmol) and (-)-6-benzoyloxy-2,2-dimethyl-pyran-3(6H)-one (-)-9 (20 mg, 0.08 mmol) in DCM (1.5 ml) under argon at - After stirring for 6 h the mixture was quenched with Na 2 SO 3 sat. aq., extracted with EtOAc (4 x 5 ml) dried over Na 2 SO 4 and concentrated. The crude mixture containing the dihydroxylated product was submitted to th efollowing conditions without further purification.
To a solution of the residue obtained from dihydroxylation in acetone (1 ml) was added 2,2-dimethoxypropane (0.1 ml) and a catalytic amount of PTSA (5 mol%). The mixture was stirred at ambient temperature for 16 h. Quenching of the reaction with Na 2 HCO 3 sat. aq., extraction with EtOAc (3 x 5 ml), drying over Na 2 SO 4 , concentration and purification by 
